KC. TGF-␤ through Smad3 signaling stimulates vascular smooth muscle cell proliferation and neointimal formation.
INTIMAL HYPERPLASIA IS A complex process associated with abnormal behavior of vascular smooth muscle cells (VSMCs). In response to injury, VSMCs transform from a quiescent, differentiated state to a proliferative and synthetic phenotype (30) . Although the biology of intimal hyperplasia has been studied in detail and many hypotheses exist, the molecular mechanisms that trigger VSMC proliferation after vascular injury remain unclear.
Transforming growth factor-␤ (TGF-␤) is believed to be a critical factor in the formation of intimal hyperplasia. Both in vitro and in vivo studies have shown that TGF-␤ is upregulated at sites of vascular injury. Elevated levels of TGF-␤ have been detected within 6 h of arterial balloon injury and are sustained for up to 14 days (31, 40) . In vivo, the overall effect of TGF-␤ appears to be the stimulation of intimal hyperplasia (19, 52) .
TGF-␤, however, is known to have a diverse array of effects on cultured VSMCs, many of which relate to processes critical to the development of intimal hyperplasia (26, 28, 41) . As a profibrotic cytokine, the prevailing view is that TGF-␤ enhances neointimal formation by stimulating extracellular matrix (ECM) synthesis (35) . Consistent with this view, we have previously shown that TGF-␤, through Smad3 signaling, stimulates VSMC fibronectin synthesis, thus enhancing neointimal ECM accumulation (41) . Moreover, TGF-␤ is a potent stimulus of collagen type I, which is also a primary constituent of the neointimal lesion (8, 21) . However, TGF-␤ has also been shown by our group and others to be an in vitro inhibitor of both VSMC proliferation and migration (11, 28) . These inhibitory effects of TGF-␤ would be expected to counter its profibrotic effects, therefore limiting the development of intimal hyperplasia. Thus, although the overall stimulatory effect of TGF-␤ on intimal hyperplasia has been clearly demonstrated, the underlying mechanisms remain unclear given the complex and contradictory effects of TGF-␤ on VSMC function.
The varying effects of TGF-␤ on VSMC function may be related to differential signaling through numerous downstream pathways. TGF-␤ has been shown to signal through members of the ERK, JNK, and p38 MAPK kinase pathways, the phosphatidylinositol 3-kinase (PI3-kinase) pathway, and most commonly the Smad family signaling pathway (7) . The Smad proteins are classified into three groups: receptor-activated Smads (Smad2 and Smad3), common Smad (Smad4), or inhibitory Smads (Smad6 and Smad7). Briefly, the activation of the transmembrane TGF-␤ receptor leads to the phosphorylation and activation of Smad3, which then forms a complex with Smad4. This complex translocates into the nucleus where it can regulate the transcription of target genes by binding to DNA at specific Smad-binding elements. Inhibitory Smads antagonize TGF-␤ signaling by either inhibiting receptor-activated Smad activation or by mediating TGF-␤ receptor degradation (49) .
The effect of TGF-␤ on cell growth has been shown to be mediated, at least in part, by the cyclin-dependent kinase inhibitor p27 (33, 34) . Interestingly, p27 has also been shown to play an important role in regulating cell proliferation after vascular injury (4, 48) . Tanner et al. (48) demonstrated that after balloon injury in a porcine model, total p27 levels varied inversely with cell proliferation, suggesting that the proliferative capabilities of VSMCs after injury are regulated in part by changes in p27 levels. Additionally, Chen et al. (4) have previously demonstrated that p27 overexpression inhibited VSMC growth and neointimal formation at late time points (2 wk) after injury.
To better understand the role of TGF-␤ and its downstream signaling pathways in the formation of intimal hyperplasia, we overexpressed the signaling protein Smad3 at the time of arterial injury. We found that Smad3 overexpression enhanced intimal hyperplasia and that the mechanism for this effect was through the stimulation of VSMC proliferation. Using cultured VSMCs, we confirmed that in the presence of elevated levels of Smad3, TGF-␤ stimulated rather than inhibited cell proliferation. Furthermore, we report that the mechanism underlying TGF-␤-induced VSMC proliferation involves Smad3-mediated p27 phosphorylation and nuclear export.
MATERIALS AND METHODS
Balloon injury model and in vivo gene delivery. Male SpragueDawley rats (450 -500 g) underwent balloon injury of the left common carotid artery as described elsewhere (13) in accordance with institutional guidelines and approval from the Institutional Animal Care and Use Committee at Weill Cornell Medical College. Animals were anesthetized with isoflurane-inhaled anesthetic. Recombinant adenoviral vectors were constructed to express Smad3 as previously described; an empty viral vector was used as a control (42) . Following injury, the animals received an intraluminal administration of adenoviral vectors as indicated (200 l of 2.5 ϫ 10 9 plaque-forming units/ml over 20 min). In total, 20 rats received no virus (15 for time course and 5 for morphometric studies), 9 rats received empty virus (AdNull), and 9 rats received adenovirus-expressing Smad3 (AdSmad3). The external carotid artery was then ligated, and the flow was reestablished through the common carotid and internal carotid arteries.
At the time of euthanasia, the arteries were perfusion fixed in 4% paraformaldehyde for morphometric analysis or snap frozen for protein extraction.
Morphometric analysis and immunohistochemistry. Morphometric analysis was carried out on elastin-stained arteries as previously described (20) . Quantitative immunohistochemistry using mouse anti-␣-smooth muscle actin (1:800; Sigma), mouse anti-ED-1 (1:50; Serotec), rabbit anti-Smad3 (1:50; Zymed), and mouse anti-proliferating cell nuclear antigen (PCNA; Santa Cruz) was performed as described elsewhere (13) . The PCNA index was calculated as the number of PCNA positive cells/number of total nuclei per section. Immunofluorescent staining was performed with avidin-conjugated fluorescein or Texas red. Slides were visualized with a Nikon Eclipse E800 upright microscope. Digital images were acquired using a RetigaEXi chargecoupled device digital camera and processed and analyzed using IPLab software.
Smooth muscle cell culture. VSMCs were isolated from the aorta of Sprague-Dawley rats based on a protocol described by Clowes et al. (6) and maintained in DMEM containing 10% FBS at 37°C with 5% CO 2-95% room air.
Proliferation assay. Primary rat aortic smooth muscle cells (RSMCs) (passages 2-6) were infected with either AdNull or AdSmad3 (3 ϫ 10 4 particles/cell in 2% FBS for 4 h), followed by starvation in 0.5% FBS for 72 h. Tritiated thymidine incorporation, as a surrogate for DNA synthesis, was assessed as previously described after treatment with recombinant human TGF-␤ 1 (5 ng/ml; R&D systems), PDGF-BB (5 ng/ml; Upstate Biotechnology), and TGF-␤ ϩ PDGF (25) . Recombinant TGF-␤ 1 was dissolved in 4 mM HCl with 2% BSA.
Western blot analysis. Western blot analysis was performed to determine the protein expression using antibodies to p27 (1:200; SC 528; Santa Cruz), phospho-p27 [serine-10 (S10); 1:200; SC 12939R, Santa Cruz ], ␤-actin (1:1,000; Sigma), and Smad3 (2 g/ml; Invitrogen). Western blot band intensity was determined using NIH image software (ImageJ 1.36b).
Immunocytochemistry. RSMCs were infected with AdNull or AdSmad3 and then seeded onto chamber slides and stimulated with recombinant TGF-␤ 1 for 24 h. Cells were then fixed with 4% paraformaldehyde and permeabilized with 0.5% Triton X-100. The sections were incubated with mouse anti-p27kip1 (1:100; Transduction Laboratories) followed by Alexa 555 donkey anti-mouse IgG (Molecular Probes). Fluorescent staining was visualized on a Nikon Eclipse TE2000-inverted microscope and Nikon C1si confocal laser imaging system with the appropriate argon beam lasers. Digital images were acquired with a CoolSNAP cf Monochrome camera (Photometrics) and analyzed on Adobe Photoshop 7.0.
Statistical analysis. Values are expressed as means Ϯ SE. An unpaired Student's t-test was used to evaluate the statistical differences between the control and treated groups. Values of P Ͻ 0.05 were considered significant. In cases of multiple groups, differences were first analyzed with one-way ANOVA. Pairwise multiple comparisons were made using the Student-Newman-Keuls method. All experiments were repeated at least three times.
RESULTS

Endogenous Smad3 is upregulated after vascular injury.
To dissect the effect of different TGF-␤ signaling pathways on intimal hyperplasia, we focused on the Smad3 signaling pathway and examined the expression of Smad3 after balloon injury in the rat carotid artery. While immunohistological staining for Smad3 was nearly undetectable in normal uninjured arteries, we found that after injury, endogenous Smad3 was significantly upregulated, with peak expression around 14 days (Fig. 1, A and B) . This finding raises the possibility that the stimulatory effect of TGF-␤ on intimal hyperplasia is mediated by Smad3.
Manipulation of the Smad3 signaling pathway affects intimal hyperplasia and cell proliferation after vascular injury. To further evaluate the role of Smad3 signaling in the development of intimal hyperplasia after vascular injury, we ectopically expressed Smad3 in the arterial wall in a vascular injury model. Male Sprague-Dawley rats underwent carotid balloon angioplasty followed by local adenovirus-mediated gene trans- fer with either AdNull (n ϭ 6), AdSmad3 (n ϭ 6), or no virus (n ϭ 5). Since endogenous Smad3 expression peaked around 14 days after injury, we chose this as our time point for further evaluations. Adenovirus-mediated Smad3 overexpression at 14 days after injury was confirmed by Western blot analysis of protein derived from homogenized arterial wall ( Fig. 2A) . The quantification of Western blot band intensity confirmed a 26% increase in Smad3 expression in arteries treated with AdSmad3. A morphometric analysis of rat carotid arteries at this time point revealed a significant increase in intima-tomedia ratio in rats treated with AdSmad3 (Fig. 2, B and C) , suggesting that the upregulation of arterial Smad3 expression stimulated neointimal formation.
A further examination of the arterial wall 14 days after injury by immunohistochemistry revealed an increase in PCNA expression, a marker of cell proliferation, in rats treated with AdSmad3 (Fig. 3A) . The quantification of PCNA staining using the PCNA index (as described in MATERIALS AND METHODS) confirmed that the increase in cell proliferation was statistically significant in both cells of the neointima (AdNull, 0.33 Ϯ 0.04; and AdSmad3, 0.59 Ϯ 0.08, P Ͻ 0.05) and the media (AdNull, 0.16 Ϯ 0.04; and AdSmad3, 0.47 Ϯ 0.13, P Ͻ 0.05) (Fig. 3B) . A similar increase in the PCNA index was also obtained from AdSmad3-treated arteries at 7 days after injury (neointima: AdNull, 0.53 Ϯ 0.11, and AdSmad3, 0.70 Ϯ 0.04; and media: AdNull, 0.21 Ϯ 0.05, and AdSmad3, 0.45 Ϯ 0.04).
To establish a relationship between Smad3 expression and the observed cell proliferation, we performed double immunofluorescent staining to colocalize the Smad3 and PCNA signals (Fig. 3C ). Figure 3C shows that most of the proliferating cells (PCNA positive) are also Smad3 positive. Since TGF-␤ levels are known to be elevated after injury, these findings suggested that the enhancement of the TGF-␤/Smad3 pathway, through Smad3 overexpression, is associated with an increased cell proliferation.
The characterization of the cells contributing to the neointima revealed that the majority of the cells were ␣-smooth muscle actin positive in arteries infected with AdNull, AdSmad3, and no virus (supplemental Fig. 1 ; note: all supplemental figures can be found with the online version of this article). Surprisingly, the infection with the adenovirus did not increase the number of inflammatory cells detected at 2 wk after injury. Only a few macrophages or CD68 ϩ cells were indentified, and these were mostly found in the periadventitia. Our findings are consistent with previous reports describing the neointimal lesion after balloon injury as comprised predominantly of smooth muscle cells (SMCs) and rare inflammatory cells (5, 36, 39). Our data, in addition to the literature, suggest that intimal hyperplasia is a SMC pathology; therefore, the following in vitro studies are performed in cultured SMCs.
Inhibition of TGF-␤/Smad3 signaling inhibits intimal hyperplasia and cell proliferation.
To confirm our findings that TGF-␤ through Smad3 signaling increased intimal hyperplasia by stimulating SMC proliferation, we next inhibited TGF-␤/ Smad3 signaling by overexpressing Smad7, the endogenous inhibitor of the TGF-␤/Smad3 pathway. In a new set of experiments, male Sprague-Dawley rats underwent carotid balloon angioplasty followed by local adenovirus-mediated gene transfer with either AdSmad7 (n ϭ 5) or the control adenovirus-expressing ␤-galactosidase (AdLacZ) (n ϭ 4). As demonstrated in Fig. 4 , A and B, 14 days after injury, rats, in which TGF-␤/Smad3 signaling had been inhibited with AdSmad7, had significantly less intimal hyperplasia as reflected in a lower intima-to-media ratio. Further analysis revealed that Smad7 overexpression was also associated with a decreased cell proliferation (Fig. 4, C and D) . This difference in the PCNA index was significant in cells of the neointima (AdLacZ, 0.35 Ϯ 0.04 vs. AdSmad7, 0.24 Ϯ 0.03, P Ͻ 0.05) and near significant in cells of the media (AdLacZ, 0.15 Ϯ 0.03 vs. AdSmad7, 0.09 Ϯ 0.01, P ϭ 0.08).
To confirm that the effects of Smad7 overexpression were limited to the inhibition of Smad3, we also examined Smad2 expression in the injured rat carotid artery. On immunohistochemical analysis, we found no evidence of Smad2 expression in either uninjured or injured rat carotid arteries (supplemental Fig. 2 ). Thus the effects of Smad7 that we observed are related specifically to the inhibitory effect of Smad7 on Smad3.
TGF-␤ stimulates cell proliferation in states of Smad3 overexpression. TGF-␤ has been shown to inhibit proliferation in most cell types, including VSMCs (11, 28) . To confirm our in vivo observation that TGF-␤ through Smad3 signaling increases cell proliferation, we turned to cultured primary RSMCs and performed a tritiated thymidine incorporation assay. We first established that the inhibitory effect of TGF-␤ on VSMC proliferation was dose independent over a range from 0.1 to 5 ng/ml (Fig. 5A) . Since there was no statistically significant difference between the doses, we chose to carry out the remaining experiments with 5 ng/ml TGF-␤. We then tested the effect of Smad3 overexpression on RSMC proliferation (Fig. 5B) . Consistent with our results, control RSMCs infected with AdNull responded to treatment with TGF-␤ 1 (5 ng/ml for 24 h) with a 36% decrease in cell growth. This inhibitory effect of TGF-␤ was also observed in the presence of PDGF-BB, which is a known stimulant of cell proliferation (15) . However, when we treated cultured RSMCs overexpressing Smad3 (by infection with AdSmad3) with TGF-␤ 1 , there was an 89% increase in basal cell growth. Furthermore, in the presence of PDGF-BB, the treatment with TGF-␤ of cells infected with AdSmad3 further enhanced cell proliferation by 40%.
We next evaluated how SMCs with "downregulated" Smad3 expression respond to TGF-␤. As shown in Fig. 5C , TGF-␤ inhibited cell proliferation in RSMCs that were treated with a scrambled small-interfering (si)RNA but not in cells treated with an siRNA specific to Smad3 (siSmad3). Of note, the downregulation of Smad3 by the siRNA significantly reduced baseline RSMC proliferation compared with cells transfected with the scrambled RNA control. It is therefore not surprising that an additional treatment with TGF-␤ had no further inhibitory effects on cell proliferation.
Smad3 overexpression decreases nuclear p27 activity through p27 nuclear export. To understand the mechanism whereby Smad3 overexpression stimulates cell proliferation, we turned our attention to cell cycle regulators. Western blot analysis of a panel of cell cycle regulators revealed no significant changes in total protein levels in response to TGF-␤ and/or Smad3 overexpression (supplement Fig. 3 ). This was also the case for p27, as shown in Fig. 6A . However, both total p27 levels as well as subcellular localization have been shown to be important in regulating p27 activity and cell cycle progression (51) . We therefore focused on the effect of Smad3 on p27 subcellular localization in RSMCs (Fig. 6B ). RSMCs were infected with AdSmad3, which also contains a green fluorescent protein cDNA controlled by a separate promoter, and stimulated with TGF-␤ 1 . Infected cells were distinguished from uninfected cells by green fluorescent protein expression. Figure 5B shows that in uninfected cells stimulated with TGF-␤, p27 was predominantly nuclear. However, an enhanced TGF-␤/Smad3 signaling through the overexpression of Smad3 decreased nuclear p27.
To confirm the observations made on immunocytochemistry, nuclear fractions of RSMC protein were isolated and immunoblotted for p27. As shown in Fig. 6C , in the setting of Smad3 overexpression, the effect of TGF-␤ on nuclear p27 is reversed: in control cells, the treatment with TGF-␤ increases nuclear p27, whereas in cells overexpressing Smad3, the treatment with TGF-␤ decreases nuclear p27.
Increased S10-phosphorylated p27 (S10-pp27) accounts for the exaggerated neointimal lesion observed in rats overexpressing Smad3. p27 nuclear export has been shown to be dependent on S10 phosphorylation (14) . We therefore sought to use S10 phosphorylation of p27 as a marker for p27 cytoplasmic localization. Primary RSMCs were infected with either control virus or AdSmad3 followed by the stimulation with TGF-␤ 1 . Using an antibody to S10-pp27, we observed that TGF-␤ stimulation in the setting of Smad3 overexpression was associated with increased S10-pp27 within 4 h and that phosphorylation was sustained for up to 24 h (Fig. 7A) . Figure 7B shows quantitatively that the ratio of S10-pp27 to total p27 was significantly higher in cells infected with AdSmad3 when compared with cells infected with control virus. Taken together with the results of our subcellular localization studies, these data reveal that in our model, there is an association between the increased levels of S10-pp27 and p27 nuclear export.
We then turned to the rat carotid injury model to test whether Smad3 expression produced a similar increase in S10-pp27. Both total p27 and S10-pp27 expression were examined by Western blot analysis in injured rat carotid arteries that had been treated with the local administration of AdNull (n ϭ 3) or AdSmad3 (n ϭ 3). As shown in Fig. 7 , C and D, we found that while total p27 levels did not differ between control and AdSmad3-treated rats, the addition of exogenous Smad3 was associated with increased S10-pp27 without a significant change in levels of total p27 (Fig. 7E) . These findings imply that in vivo, Smad3 leads to the phosphorylation of p27, which may, in turn, lead to p27 nuclear export and the stimulation of SMC proliferation.
DISCUSSION
Our data are significant for three novel findings. First, we have shown that endogenous Smad3 is upregulated in both medial and neointimal SMCs after vascular injury. Second, we have found that further overexpression of Smad3 in an animal model of vascular injury is associated with an exacerbation of intimal hyperplasia and increased cell proliferation. We attribute the proliferative response in neointimal cells overexpressing Smad3 to our third novel finding, which is that Smad3 overexpression stimulates the nuclear export of p27 and the consequent VSMC proliferation.
TGF-␤ has been repeatedly demonstrated to be a stimulant of intimal hyperplasia (19, 40, 52) . However, the mechanism through which TGF-␤ produces this effect is not clear. The dilemma arises from the fact that although TGF-␤ is a stimulant of fibrosis, which could contribute to intimal hyperplasia, TGF-␤ is also a potent inhibitor of cell growth and migration, effects that would inhibit the development of restenosis (11, 28, 35, 41) . Of note, TGF-␤ signaling through Smad2 and p38 Fig. 6 . Smad3 overexpression changes p27 subcellular localization without changing total p27 levels. RSMCs were infected with AdSmad3 followed by stimulation with TGF-␤1 or solvent for 24 h. A: representative Western blot of total cell lysates for p27, with quantification of p27 band intensity normalized to ␤-actin (ANOVA, P ϭ 0.48, n ϭ 4 iterations of the experiment). B: RSMCs were infected with AdSmad3 and stimulated with TGF-␤1 or solvent. Immunocytochemistry was performed for p27 expression. p27 staining was visualized with Alexa 555, and nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI). Uninfected cells showed strong nuclear p27 staining, whereas cells infected with AdSmad3 [green fluorescent protein ϩ (GFPϩ)] showed weaker p27 nuclear staining (yellow arrows) (magnification, ϫ600). C: Western blot of nuclear protein from RSMCs with graphical representation of the fold change in nuclear p27 after treatment with TGF-␤ (5 ng/ml). *P Ͻ 0.05; n ϭ 4 iterations of the experiment.
has been shown to inhibit VSMC proliferation in vitro (43) . Although Smad2 and Smad3 are closely related, they are believed to have some important functional differences. This is most dramatically demonstrated by the fact that in mice, Smad2 gene deletion is embryonically lethal; Smad3 null mice, however, develop normally but are more susceptible to the development of neoplasms. TGF-␤ signaling through different downstream pathways may result in various effects on cell proliferation. Our studies with Smad3 are novel and allow us to reconcile the discrepancy between TGF-␤ as a stimulant of intimal hyperplasia and an inhibitor of cell growth. In the basal state, there is minimal Smad3 expression in arterial wall VSMCs, and TGF-␤ signaling through Smad3-independent pathways may inhibit cell growth, as suggested by Seay et al. (43) . However, we have shown that Smad3 expression increases with injury. In the presence of upregulated Smad3, VSMCs undergo a transformation so that the response to TGF-␤ is a very robust proliferative response. Thus the injuryinduced Smad3 expression, and the associated switch to Smad3-dependent signaling, appears to be pivotal in determining the effect of TGF-␤ on the arterial wall.
Surprisingly and contrary to our results, Kobayashi et al. (20) , using a Smad3 knockout, have shown that a deficiency in the Smad3 gene is also associated with an exaggerated neointimal response (20) . They also reported that the neointimal lesion observed in Smad3 null arteries was comprised of proliferating SMCs; the proliferation index was nearly two times greater than in wild-type arteries. Although these findings and the results of our study appear contradictory, several experimental differences could contribute to discrepancies between our findings. First, the arterial injury in the study by Kobayashi et al. (20) was produced via photochemically induced thrombosis, and the pathophysiology of this process may differ from that produced by balloon angioplasty. Varying forms of arterial injury elicit differing effects on the vessel wall and trigger different cellular responses (47) . Second, in the Smad3 null mouse, all cells are deficient in Smad3. Therefore, the enhanced neointimal lesion may result from the loss of Smad3 in other cell types besides VSMCs, such as inflammatory cells or progenitor cells. In support of this theory, Feinberg et al. (9) have reported that the loss of Smad3 in macrophages is associated with an enhanced inflammatory response (9) . These data suggest that the larger neointimal lesion observed by Kobayashi et al. (20) in Smad3-deficient mice may result, at least in part, from an enhancement in inflammation related to macrophages deficient in Smad3. Lastly, although Kobayashi's group showed that VSMCs derived from Smad3 null mice had a slightly increased basal growth rate, TGF-␤ still exhibited an inhibitory effect on cell proliferation. This finding suggests that the hyperplastic response observed in Smad3 knockout mice is unlikely related to an effect on VSMC proliferation and that factors outside the arterial wall may have accounted for the intimal hyperplasia observed in these animals.
In fact, our own in vitro and in vivo studies using AdSmad7 to inhibit Smad3 function suggest that the growth inhibitory effects of TGF-␤ are mediated, at least in part, by a Smad- Fig. 7 . Smad3 overexpression is associated with increased serine-10-phosphorylated p27 (S10-pp27). RSMCs were infected with AdSmad3 followed by stimulation with TGF-␤1 for 24 h. A: representative Western blot for p27 and S10-pp27. B: quantification of Western blot band intensity depicting ratio of S10-pp27 to total p27 after 24 h (*P Ͻ 0.05, n ϭ 3 iterations of the experiment). C: injured rat carotid arteries infected with AdSmad3 or AdNull were harvested 14 days after injury, and protein was extracted for Western blot for p27, S10-pp27, and Smad3. A representative example from 3 separate Western blots shows that S10-pp27 levels are increased in arteries infected with AdSmad3 compared with control. Quantification of S10-pp27-to-total p27 (D) and total p27-to-␤-actin (E) ratios in protein extracts from injured rat carotid arteries are shown (*P Ͻ 0.05, n ϭ 3 rats). independent pathway. Contrary to the findings of Kobayashi et al. (20) , our data show that a local inhibition of Smad3 function decreases SMC proliferation and intimal hyperplasia and is consistent with our hypothesis that TGF-␤, through Smad3 signaling, induces SMC proliferation and consequently intimal hyperplasia. Importantly, however, we acknowledge that Smad7 inhibits both Smad3 and Smad2 and that Smad7 overexpression itself may have independent effects on cell proliferation and the development of intimal hyperplasia.
Consistent with our in vivo findings, the overexpression of Smad3 in isolated VSMCs resulted in the stimulation rather than the inhibition of proliferation in response to TGF-␤. We have previously shown that in normal, uninjured VSMCs, TGF-␤ inhibits cell proliferation through a reduction of cyclin A (17) . Specifically, we reported that TGF-␤-induced cAMP response element-binding protein phosphorylation resulted in a decreased cyclin A gene transcription and consequently cell cycle arrest (17) . However, our current in vivo and in vitro findings demonstrate that VSMCs with high levels of Smad3 exhibit a proliferative response to TGF-␤. It has been previously shown that "transformed cells" respond to TGF-␤ with an enhancement rather than an inhibition of proliferation. McCaffrey's group (27) , for example, demonstrated that VSMCs grown from carotid endarterectomy plaques are resistant to TGF-␤-induced apoptosis. Furthermore, these cells were shown to proliferate after treatment with TGF-␤, due to the decreased expression of type II TGF-␤ receptor (26) . Our present results in combination with McCaffrey's findings imply that in response to inflammation or vascular injury, changes in protein expression, such as the overexpression of Smad3 or the downregulation of type II TGF-␤ receptor, can alter the response of VSMCs to cytokines such as TGF-␤.
We propose that the mechanism underlying the proliferative effect of TGF-␤ mediated by Smad3 involves p27. p27 is a cyclin-dependent kinase inhibitor that has been shown to be essential in the regulation of cell proliferation, particularly in the transitions from the G 0 phase to S phase (12, 51) . It primarily inhibits the cyclin E-cyclin-dependent kinase-2 (Cdk2) complex, which is necessary for progression through the G 1 checkpoint (29, 33, 34) . Normal cells in the G 0 phase have high levels of nuclear p27, although upon reentry into the cell cycle, p27 is exported into the cytoplasm and, in many cases, total p27 levels decrease (23, 32, 38, 51) .
The importance of p27 in regulating VSMC proliferation in animal models of vascular injury has been demonstrated by two previous investigators. Tanner et al. (48) showed that endogenous p27 levels varied inversely with VSMC proliferation after arterial injury, whereas Chen et al. (4) showed that the overexpression of p27 via adenovirus-mediated gene transfer inhibited VSMC proliferation and consequent neointimal formation. Of note, these studies demonstrate the importance of p27 upregulation as an inhibitor of cell proliferation at late time points after injury (2 wk). Our data suggest that a sustained Smad3 overexpression and its effect on p27 subcellular localization lead to an abnormal persistence of cell proliferation at later time points after injury, when p27 is believed to play a pivotal role in arresting cell growth.
There are two pertinent factors that influence p27 function: intracellular concentration and subcellular localization (51) . The regulation of p27 levels is primarily posttranscriptional, through ubiquitination and proteolysis (33, 34, 51) . The subcellular compartmentalization of p27 has also been shown to be essential in regulating p27 activity, since p27 must be nuclear to inhibit cyclin E-Cdk2 (51). Accordingly, it has been found that in response to mitogenic stimulation, a fraction of p27 is exported to the cytoplasm. The nuclear export of p27 has been shown to be dependent on the S10 phosphorylation of p27, which is mediated by at least two kinases: the serine-threonine kinase human kinase-interacting stathmin and the PI3-kinase pathway (2, 3, 10, 23) . Furthermore, studies of cell cycle kinetics have suggested that the S10 phosphorylation of p27 regulates the reentry of quiescent cells in G 0 into the cell cycle (12, 23) .
The significance of subcellular localization of p27 in regulating cell proliferation has been well described in the cancer literature (51) . Since 1998, cytoplasmic sequestration of p27 has been reported in several tumors, including prostate, esophageal, thyroid, ovarian, and breast carcinomas (51) . Baldassarre et al. (1) showed that high Cdk2 activity in thyroid carcinomas can be attributed to cytoplasmic localization of p27; in this disease state, the total p27 levels were unchanged. Thus it appears that the nuclear export of p27 is able to regulate proliferation even in the absence of changes in total p27. It has also been observed that the cytoplasmic localization of p27 is associated with well-differentiated tumors, whereas the complete loss of p27 expression occurs in more advanced cancer (44, 46) . These results support our finding that Smad3 overexpression in VSMCs increases cell proliferation through the nuclear export of p27, without a significant reduction in total p27.
Interestingly, p27 was first discovered as a mediator of TGF-␤-induced cell cycle arrest in mink lung epithelial cells (33, 34) . Later studies have demonstrated that TGF-␤ induces p27 levels and thus decreases Cdk2 activity in cancer cells and inflammatory cells, in addition to epithelial cells (16, 22, 34, 37) . These previous data highlight the novelty of our current findings, that in transformed VSMCs overexpressing Smad3, the abnormal response to TGF-␤ may involve the downregulation rather than the upregulation of p27 activity.
Of some relevance to our studies of vascular disease is the recent finding that cytoplasmic p27 is not inert (3) . Once transported into the cytoplasm, p27 may play an essential role in cell motility and interact with proteins including RhoA and Rac (3) . In light of these recent findings, not only does transportation of p27 into the cytoplasm lead to SMC proliferation, but cytoplasmic p27 may also promote SMC migration, another process that has been implicated in the formation of intimal hyperplasia.
Whereas our data indicate that the phosphorylation of p27 on S10 may be the event that leads to VSMC proliferation, other phosphorylation sites may also be important in the regulation of proliferation. For example, threonine-157 phosphorylation has been shown in breast cancer cells to promote the cytoplasmic retention of p27 (24, 45, 50) . Another possible and related explanation for the effect of p27 on proliferation is the degradation of cytoplasmic p27, leading to an overall decrease in p27 levels (12, 14, 18) . The ubiquitination and degradation of cytoplasmic p27 may account for the small decrease in total p27 levels that we observed after 24 h, although this decrease was not statistically significant. Lastly, while we have demonstrated an association between Smad3 overexpression and S10-pp27, the underlying mechanism for this interaction is unclear. Future research is needed to study the potential interactions between Smad3 and the PI3-kinase/Akt pathway, which has been shown to be one mechanism through which p27 is phosphorylated (2, 3, 23) . Interestingly, both the Smad3 and the PI3-kinase/Akt pathways have been shown to be downstream of TGF-␤.
One limitation of our study was the use of the entire arterial wall for Western blot analysis for p27. Using this approach, we observed an increase in S10 phosphorylation of p27 in arterial wall extracts 14 days after injury in AdSmad3-treated rats. We did not find a reduction in total p27 levels at this time point, and this is consistent with previous studies by Tanner et al. (48) . However, it is also possible that a decrease in total p27 in VSMCs of rats treated with AdSmad3 was masked by a p27 expression in the surrounding adventitial fibroblasts or inflammatory cells. Another limitation of this study is our focus on total Smad3 rather than levels of activated or phosphorylated Smad3. In vivo, it is well accepted that TGF-␤ is not only present but elevated after vascular injury; therefore, we believe that Smad3 (both endogenous and exogenous) present in the tissues that we studied was in fact phosphorylated and activated by TGF-␤. This was not directly tested, however, since we were unable to perform immunohistochemistry for pSmad3 due to a lack of an appropriately specific antibody reactive to rat tissue.
The results of the present study demonstrate that the TGF-␤ signaling protein Smad3 is upregulated after vascular injury and that this results in an increased cell proliferation secondary to p27 nuclear export and an exaggerated neointimal lesion. Thus we have begun solving the puzzle as to how TGF-␤, an accepted inhibitor of cell growth, induces significant VSMC proliferation and resultant intimal hyperplasia after vascular injury. Our finding that "injured" cells have increased levels of Smad3, which results in a transformed response to TGF-␤, are bolstered by the recent finding of large populations of Smad3-positive cells in atherectomy samples from restenotic lesions of the femoral arteries of humans (unpublished data, 2007) . These lesions also appear to be comprised mainly of proliferating (PCNA positive) cells. A better understanding of the relationship between Smad3 and cell proliferation will provide us with further insight into the mechanism through which TGF-␤ produces intimal hyperplasia and also enable us to target specific aspects of this signaling mechanism as a therapy for restenosis after arterial reconstruction.
